Precipitations of carbide/nitride/carbonitride, δ and γ /γ are also discussed.
Introduction
Powder bed based additive manufacturing (AM) methods have recently attracted considerable attention for fabricating near-net shape critical components 30 with complex geometry and performance improvement. Its essence is to build the components layer by layer, by selectively melting the precursor powder layer and fusing them to the previously solidified layers. As one of the most widely used powder bed AM methods, electron beam melting (EBM) employs a rapidly scanned electron beam with relatively high power density to melt the precursor 35 powder layer in a controlled vacuum and substantially heated chamber [1] . That makes this process suitable to fabricate critical components with high productivity, almost full density and low residual stress for the aerospace and energy industries [1, 2, 3] .
Homogeneity is one of the most important aspects for stable mechanical 40 properties of the EBM-manufactured parts. And different scanning strategies will lead to considerably different microstructures, as reported in our previous paper [4] . However, the inhomogeneity might not only result from different scanning strategies, but also from gradient thermal histories. Since the powder bed is maintained at relatively high temperature throughout the building process,
45
"in-situ" annealing effect on the solidified microstructure has to be considered.
Thus, the "as-manufactured" microstructure is probably not the "as-solidified" microstructure, rather an "in-situ" heat-treated microstructure:
• The previously processed layers experience longer in-situ annealing than the subsequently deposited layers within one build. As a result, this might 50 generate a height-dependence in microstructure and mechanical properties.
• The region which is last processed experiences the least in-situ annealing, is more likely to resemble the as-solidified microstructure. This assolidified region is a very thin layer near the top surface, but is often 55 ignored [5] . Identifying this region is vital to understand the solidification condition within the melt region, which is rather complicated and not well-established, and further how it evolves. In addition, considering the thermal profile within a melt pool, the solidification condition might differ when the dendrite growing from the bottom to top of the melt pool, 60 resulting in a unique microstructural gradient as it solidifies.
So far, the as-solidified region, which is a very thin layer just near the top surface, is often ignored, though the solidification condition can be experimentally inferred only from this region. Raghavan et al. [6] measured the primary dendrite arm spacing (PDAS) within a region of 500 µm to the top surface in 65 EBM IN718, based on which the solidification and the resulted grain morphology were further discussed. The gradient in the as-manufactured microstructure has been reported qualitatively in a few literatures [5, 7, 8, 9 , 10] for Ni-base superalloys. Sames et al. [1] showed that in as-fabricated EBM IN718, the top has coarser δ than the bottom, attributing to the complex phase evolution during 70 the extended hold temperature and cooling conditions. Kirka et al. [8] classified the microstructure gradient in EBM IN718 into three distinct regions based on the precipitating of Laves, NbC, δ and γ /γ , and found that the associated in-plane mechanical strength and elongation increased with increasing distance from the bottom of the build. Ramsperger et al. [9] and Chauvet et al. [10] 75 found that the size of γ phase is coarser in the lower part than in the upper part of EBM γ -strengthened Ni-base superalloys. These microstructure gradients are attributed to the thermal history gradient, but very few efforts have been made to rationalize the evolution from the as-solidified state to the as-manufactured state, along with the thermal history.
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In this regard, the present study aims to establish how the as-solidified microstructure evolves into the graded as-manufactured microstructure, and how it correlates with the complicated melt-remelt-heat thermal cycles for EBM Ni-base superalloys. Generally, one common feature for Ni-base superalloy is the alloying addition of refractory elements, which have strong propensity 85 to segregate and form low-melting point eutectic or detrimental TCP phase.
On account of its Nb-segregation behaviour and manufacturability, Inconel 718 (IN718) is chosen as the study object in this work. IN718 has the interested Laves ((Ni,Fe,Cr) 2 (Nb,Mo,Ti)) phase precipitating during solidification, and the δ (D0 a Ni 3 Nb) phase and γ (D0 22 Ni 3 Nb) phase precipitating from solid 90 matrix, corresponding to the melting/building stage and the following cooling stage, respectively. By that, the thermal profile throughout the whole EBM process can be evaluated.
Experimental
Plasma atomized powder (nominal size ranges from 25 to 106 µm) supplied 95 by Arcam AB, was used for this study. The chemical composition is given in Table 1 . The powders are mostly spherical in shape, and a few of them are attached with fine satellite powders on the surface. These powders barely have internal pores. An Arcam A2X EBM machine was used to manufacture samples in this study, using Arcam's standard settings for IN718. The manufacturing 100 process started after the powder bed was pre-heated to about 1020
• C (measured under the base plate), and this temperature was kept through the whole process.
Each deposition cycle consisted of: 1) pre-heating of the current powder layer,
2) contour melting of the frame of the build, 3) hatch melting of the interior of the build, 4) post-heating of the current layer, and 5) lowering down the to cool down to about 600 • C and another 8.2 hours to 100
• C. The thermal profile will be shown in more detail in the discussion section. Note that the same samples have been investigated in the present study and in our previous paper [4] : the present study focuses on the microstructural gradient resulting from the height-dependent thermal history, while our previous study addressed 115 the microstructural differences resulting from the contour and hatch scanning strategies. To characterize the microstructural gradient, cross sections at different heights from the top surface were examined. Samples were mounted, mechanically ground successively from 500 Grit to 4000 Grit, and polished with diamond sus-
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pension from 3 µm to 1/4 µm and finally with OP-U colloidal silica suspension.
A Hitachi SU70 FEG scanning electron microscope (SEM), equipped with energy dispersive X-ray spectroscopy (EDS) and electron back scatter diffraction (EBSD) system from Oxford Instrument, was employed to detail the microstructural features, operating at 20 kV of accelerating voltage. Texture and grain
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misorientation measurements were performed with the scanning step size of 2 µm and analysed with HKL Channel 5 software. For identification of fine precipitates, thin foil was prepared for transmission electron microscopy (TEM).
Thin foil was mechanically thinned down to 80 µm, from which a 3 mm diameter disk was punched out. Then the disk was further electropolished in 10 vol.% 0.0128 wt.% and Ni-Bal. wt.%, among which C and N were set as fast diffusers.
Only the phases that were experimentally observed in the present study were included in this study: liquid, FCC L12#1(γ), FCC L12#2γ , BCT D022(γ ), NI3TA D0A(δ), C14 LAVES, DIS FCC A1/A2 (disordered carbonitride) and FCC L12#3 (ordered carbonitride). • Layer I: a thin layer of 15 µm almost without precipitates.
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• Layer II: a layer of 100 µm with small precipitates (about 200 nm).
• Layer III: a layer of 50 µm with larger and Chinese script-like precipitates (can be up to a few µm in length), chaining up along the building direction.
Note that in Layer III, the alternately bright and dark pattern (see inserted in Fig. 1a ) is clearly visible within grains, corresponding to the dendritic and 160 interdendritic regions, respectively. As going further down from Layer III to the bottom, the dendritic feature gradually disappears, and the precipitates become smaller and similar to those in the Layer II (see Fig. 1c and d ). This suggests that the spatial difference in thermal history within the build can lead to heterogeneous distribution of precipitates along the building direction. Therefore,
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identifying the precipitates and characterizing the microstructural gradient are necessary to correlate the precipitation behaviours with the thermal history.
3.2. Microstructure at the region of 10 µm from the top surface build is embedding in the highly heated powder bed throughout the building process, it is expected to be a microstructural gradient due to the gradient of 265 in-situ annealing history. In fact, the in-situ heat treated microstructure is literally not the as-solidified microstructure. Rather, the region next to the top surface, which is last to melt, solidified and least in-situ heat treated, is more likely to resemble the as-solidified microstructure.
To identify this as-solidified region, one has to know the depth of melt pool, 270 which is unfortunately unknown since the melt pool boundary feature is completely invisible even after etching. However, the last melt region should have a microstructural gradient resulting mainly from the solidification condition gradient, which is different from that in the non-last melt region attributed to the insitu annealing gradient. That means, by identifying the boundary between these 275 two different microstructural gradients, the as-solidified region can be revealed.
In the present study, the as-solidified region can be estimated as about 150 µm thick, corresponding to the Gradient I region marked in Fig. 7b . This estimation is in good agreement with a thickness of 2∼3 powder layers (about 150∼200 µm ) reported in [8] . Note that, here 'as-solidified' microstructure refers specif- As aforementioned, Gradient II as marked in Fig. 7b is attributed to the in-situ annealing history, during which the as-solidified Laves is gradually dis-285 solved and releases Nb back to the dendritic core or matrix. To identify the as-homogenized microstructure, where Laves is just completely dissolved and Nb is just homogeneously redistributed, Nb content is measured at the dendritic cores at different regions corresponding to that in Fig. 7 . In this study, dendrites are mostly cellular dendrites without secondary dendritic arms, and 290 the dendritic core is defined as the center of the dark stripe in the alternately bright and dark pattern (see Fig. 8b ). The evolution of Nb content in the dendritic cores in Fig. 8a shows opposite trend as compared to that of Laves volume fraction. Note that, at 1800 µm from the top surface, this dendritic feature is hardly visible. So, the Nb content is measured at the centre between 295 two adjacent strings of small precipitates, showing the same Nb content as in the raw powder. That indicates the Nb occupied by Laves is completely released and re-distributed homogeneously in the matrix. Therefore, the distance of 1800 µm from the top surface represents a distinction that distinguishes the partly and fully homogenized regions: the region between 150 µm and 1800 µm 300 from the top surface is that partly homogenized region, and the region between 1800 µm from the top surface to the build bottom is fully homogenized region, as marked in Fig. 7b . Considering the complicated thermal cycles during this layer-by-layer process, the solidification behaviour is not easy to infer directly. Instead, the thermal 305 profile evolution during the in-situ homogenization can be easier to rationalize with the Gradient II. It in return provides perspectives for estimating the temperature gradient between the melt and its vicinity, which determines the solidification condition and the resulted as-solidified microstructure. Therefore, the in-situ homogenization is discussed first and then the solidification behaviours. 
In-situ homogenization and Gradient II
The timetable for building each layer is tracked and can be used to better estimate in-situ soaking time for completely dissolving Laves phase. The whole build is sliced into 553 layers, and the as-homogenized microstructure is estimated to be located at the 30 th layer counting from the top, corresponding to 315 a soaking time of about 40 minutes before the building stage is finished. When the system starts cooling down, the powder bed thermal condition would not be able to continue the in-situ homogenization, due to the rapid heat sink and no heat compensation from the electron beam. Therefore, it is believed that the as-solidified microstructure can be completely homogenized within this 40 320 minutes of effective soaking during the building stage.
However, the thermal condition of this 40 minutes of in-situ homogenization cannot simply be regarded as constantly holding at about 1020 • C, as the temperature measured under the base plate (see Fig. 9a ). Instead, the temperature is expected to increase upwards from the base plate, and is much higher in the 325 vicinity of the melting front.
The dissolution kinetics of Laves is exponentially dependent on homogenization temperature and initial Laves phase size, and the homogenization would be more efficient at the temperature above 1150
• C [15, 16] . Huang et al. [14] reported that Laves phase at the size of 3∼5 µm is barely detectable after 1163
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• C/1 hour. With the size of 10 µm, Zhang et al. [15] suggested that complete dissolution of Laves takes about 7.3 h at 1100 • C, 2.0 h at 1150 • C and 1.36 h at 1160
• C, while 0.5 h at 1200 • C. In comparison, the Laves at 150 µm from the top surface is commonly longer than 10 µm in length and about 2∼3 µm in width, and is slightly smaller than the 10 µm in [15] . Therefore, it is roughly 335 estimated that the whole in-situ homogenization kinetics can be equated to an isothermal process at slightly lower than 1200
• C for 40 minutes. One might argue that, due to super fine dendritic microstructure in EBM materials, such dissolution kinetics in the conventional cast materials might be not applicable for the present case. However, according to Zhang et al. [17] , the appropriate 340 homogenization temperature and duration for laser based AM Ni-base super-alloy IN625 is suggested as 1150
• C for 1 h. Note that, this homogenization temperature is quite similar to the standard solution temperature (1177
recommended for conventional IN625 in AMS 5666 and AMS 5599. Therefore, the reasoning on in-situ homogenization kinetics is reasonable.
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Actually, the in-situ homogenization is not isothermal: for the N th layer, the more layers that have been added on its top, the greater the distance is to the melt front, which would gradually decrease the temperature at the N th layer when the building process proceeds, as illustrated in Fig. 9b . Therefore, Considering the relatively slow dissolution kinetics of Laves and poor diffusivity of Nb, during the last 10 minutes of the 40 minutes in-situ homogenization, the thermal condition is still high enough to dissolve the remained Laves phases.
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Altogether, it is reasonable that the whole in-situ homogenization temperature is relatively high and decreases rather slowly.
The discussion above clearly indicates that the actual in-situ homogenization temperature is much higher than the building temperature (as measured under the base plate). On the other hand, with increasing the building tem-365 perature, the thermal field might change accordingly, and therefore accelerate the homogenization kinetics. Raghavan et al. [6] claimed that at a building temperature of 1050 • C, the microsegregation and dendritic structures can be removed by in-situ annealing in less than 1000 s.
The solidification condition and the resulted as-solidified microstructure
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The solidification condition varies within one melt. As a result, from the bottom of the as-solidified region to the top surface, (a) the Nb content in the dendritic core increases (see Fig. 8b) ), corresponding to the Nb partitioning behaviour along the dendritic growth direction; (b) Laves volume fraction decreases (see Fig. 7b ), corresponding to the Nb segregation behaviour between is roughly estimated to be on the order of 10 m/s. This Nb diffusion velocity in the bulk liquid is still much higher than the highest solidification rate during solidification (on the order of 10 −1 m/s in [18] ). Under this condition, Nb partitioning behaviour is governed by the solidification rate [21] . Therefore, the gradually increased Nb content in the dendritic core can be attributed to 390 the rapidly increasing solidification rate, as Raghavan et al. [18] calculated.
Otherwise, the Nb content in the dendritic core should be roughly constant along the dendritic growth direction (building direction), which is the typical case for directional solidification with similar thermal gradient but a constant solidification rate [22] .
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Different to the Nb content gradient in the dendritic core, the Laves volume fraction gradient can not be simply correlated with current literatures on solidification condition [23, 24, 25, 18, 6] . Generally, formation of Laves largely depends on solidification cooling rate: the size and amount of Laves decrease with increasing solidification cooling rate [13, 26, 27, 28, 15] .
Though the solidification cooling rate is largely dependent on the specific processing parameters and the materials being processed, a typical solidification cooling rate at the magnitude of 10 4 ∼ 10 5 K/s is commonly obtained from the process simulation works [23, 24, 25, 18] . Another method, namely correlating the solidification cooling rate with the primary dendrite spacing, has also been 405 applied to predict the solidification conditions and gives the same magnitude of solidification cooling rate as the aforementioned [23, 29] .
However, the solidification cooling rate obtained from process simulation or primary dendrite spacing extrapolations largely deviate from that correlated to the presence of Laves phase. Zhao et al. [28] suggested an empirical equation to correlate the Laves volume fraction with the solidification cooling rate based on cast IN718:
where F is the volume fraction of Laves phase and V is the solidification cooling rate (K/min). Substituting Laves volume fraction of 2.3% (150 µm from the top surface) into this empirical Equation (1), the solidification cooling rate is possibly not applicable to evaluate the dendritic-interdendritic partition and Laves formation behaviours. As discussed in the previous section, at the beginning of in-situ homogenization, the temperature can be as high as 1200
• C, which is higher than the Laves forming temperature as indicated in Fig. 9b .
That might result in a lower thermal gradient and lower cooling rate through stage.
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The Nb segregation as shown in Fig. 8 does certainly have impact on the γ precipitation behaviours, since it determines the available amount of Nb for forming γ . Besides, during the cooling stage, the cooling rate that passes through the γ /γ precipitation windows also affects their precipitation kinetics.
As shown in Fig. 10 , the hardness does not show such a obvious trend as the
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Nb content evolution in the dendritic core. This scattered result is due to either the not high enough spatial precision for indentations or the inhomogeneous microstructure. Though, hardness increases correspondingly with increasing the Nb content in the dendritic core between the region of 300 ∼ 1800 µm from the top surface, which is as expected if the same cooling condition throughout 465 the sample is assumed during the cooling stage.
Evolution of Carbide/Nitride/Carbonitride
During solidification, the segregation of Nb would, at a certain point, satisfy the precipitation reaction for carbide formation. Therefore during the latter stage of solidification Laves forms but not carbide, as indicated in Fig. 9c and   470 in [31] . The presence of TiN is common in IN718 since it can form even when N is as low as just 40 ppm [32, 11, 33, 34] . TiN can either stand alone in the matrix, or act as a heterogeneous nucleation site for precipitating NbC carbide, which therefore results in the (Nb,Ti)(C,N) carbonitride [11, 12] . However, NbC carbide does not necessarily nucleate on a TiN core, instead it can also nucleate 475 without a heterogeneous nucleation site or on other heterogeneous particles.
Cockcroft et al. [32] and Formenti et al. [12] suggested that the MgO and Al 2 O 3 particles that probably originate from the powder manufacturing can also act as a heterogeneous nucleation site for TiN or NbC.
The precipitations of carbide and carbonitride require the segregation of Nb,
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which is surely affected by cooling condition [13] . As discussed, since the solidi- dissolved during the in-situ homogenization, the carbide/nitride/carbonitride will remain stringing along the building direction as the Laves phase (see Fig. 1d ). In general, the distributions of NbC carbide (see Fig. 6c ), TiN nitride (see Fig. 6b ) and (Nb,Ti)(C,N) carbonitride (see Fig. 5h ) are not height-dependent as Laves phase, instead the average volume fraction is more or less homogeneous 500 throughout the partly and fully homogenized regions, namely between 150 µm from the top surface to the bottom of the build.
Precipitation of δ
The solvus temperature of δ phase varies from 970 to 1030 • C, depending on the nominal Nb content of the alloy, and the precipitation temperature window 505 is fairly wide (from 870 to 1010
• C) [35, 26, 36, 37, 38, 39] . As mentioned above, when the building process is ongoing, the thermal condition is high enough to gradually dissolve the Laves phase and homogenize the Nb distribution. Therefore, the thermal profile would be above δ's solvus and less likely suitable for δ precipitating. Instead, when the powder bed starts cooling down, the thermal 510 condition (as measured at the base plate) goes rapidly through the δ precipitation window and gives rise to forming δ.
The precipitation kinetic of δ also depends on the degree of Nb segregation within the matrix, which can offer a composition fluctuation for δ nucleation.
The Nb released from Laves would firstly diffuse into the vicinity of Laves, and 515 therefore, the presence of δ is more likely around Laves phase (consistent with Fig. 4 ). With the in-situ homogenization continuing, the Nb is re-distributed more homogeneously within the matrix, which would disfavour δ nucleation, resulting in smaller and less δ. Therefore, the amount and size of δ phases can be expected to have similar evolution as the Laves phase seen in Fig. 7a . Based on the discussion above, a general mechanism for forming microstructural gradient during electron beam melting of Ni-base superalloys is summarized in Fig. 11 , with regard to segregation instead of specific phases. As shown 525 in Fig. 11 , melting each powder layer will generate a similar microstructural Gradient I (Fig. 11a) at the melting front, and also anneal/homogenize the segregation remaining in the previous solidified layers (compare the bottoms of Fig. 11 c, b and a) . With building continuing, the segregation that remains will be presented as Gradient II, due to the gradient annealing/homogenization 530 duration (Fig. 11d) .
Considering the solidification condition during electron beam melting and the relatively high powder bed temperature, most part of the build will be completely homogenized, the microstructural gradient is just remain within a very thin layer near the build's top surface. However, cracks or defects seem more 535 likely to form within this segregated region than in the homogenized region.
Therefore, for those less-weldable Ni-base superalloys, segregation and the resulted low-melting point eutectic must be taken into consideration in order to avoid cracks or defects.
In addition, it is also worth to note that the build's geometry and the build-
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ing/scanning strategies significantly affect the thermal profile evolution, and in return might the microstructure evolution during building, which deserves further work to better understand the relation between process parameters and thermal profile evolution.
Conclusions
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The purpose of this study is to investigate and rationalize the microstructural gradient in the as-manufactured EBM IN718 build. With the microstructure evolution characterized, the complicated thermal conditions for solidification and in-situ homogenization have been qualitatively analysed. Specific conclusions can be drawn as following:
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• The microstructural gradient in the as-manufactured EBM IN718 partly comprises a variation of the Laves phase: Laves phase volume fraction increases from zero at the top surface, peaks to about 2.3% at 150 µm from the top surface, and then gradually decreases to about zero again at 1800 µm from the top surface. This as-manufactured microstructure 555 is sectioned as as-solidified, partly homogenized and fully homogenized regions.
• The as-solidified region is a 150 µm-thick region next to the top surface, having Laves phase volume fraction increases from zero at the top surface, peaks to about 2.3% at the bottom of the region. This microstructural 560 gradient is attributed to the solidification condition gradient within the last melt region.
• The partly homogenized region is between 150∼1800 µm from the top surface, with Laves phase volume fraction gradually decreasing to zero.
This microstructural gradient is resulted from the in-situ annealing history 565 gradient.
• The fully homogenized region is between 1800 µm from the top surface and the bottom, where there is no microstructural gradient.
• The volume fraction of carbide/carbonitride possibly has a similar gradient as the Nb-segregation in the as-solidified region. Carbide/nitride/carbonitride 570 is hardly affected by the following in-situ homogenization. Their presence in the partly and fully homogenized regions is not height-dependent as Laves phase, and remains in their as-solidified conditions.
• δ phase most likely precipitates at the beginning of the cooling stage, and shows a similar evolution as Laves phase due to the associated Nb 575 segregation within the vicinity of Laves phase.
• The cooling condition of the cooling stage after the building stage enables large quantity of γ /γ to precipitate within the as-manufactured microstructure, as indicated by the measured Vickers hardness. The hardness profile might show an inverse evolution as Laves phase when consid-580 ering the available Nb for forming γ .
Though the rationalization of the solidification condition and the in-situ homogenization is only qualitatively discussed, this study still sheds light on the paradox between the extremely rapid solidification condition as reported in the literatures and the significant cast-like segregation as observed in the present study.
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Meanwhile, this study also shows the potential of tailoring the microstructures or precipitates by the in-situ homogenization. Further work addressing the complex thermal history during the EBM process is doubtlessly required to quantitatively understand the microstructural evolution.
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